We have used capacitance-voltage (C-V) techniques and x-ray photoelectron spectroscopy (XPS) to study for the first time the electrical and structural properties of thin Si0 2 films grown on silicon by plasma anodization and rapid thermal processes (R TO) and then compared them to furnace oxides. We have compared the Si0 4 tetrahedral ring structure and the suboxide content of the -3-nm-thick interfacial region of these oxides and have found significant structural differenceso By correlating these differences with measured electrical differences, we have identified the structural causes of some of the electrical characteristics of the plasma and RTO oxideso In plasma oxides we see larger amounts of silicon dangling bonds, P b centers, at the Si-Si0 2 interface and have identified these dangling bonds as the source of a localized peak ofinterface states found at 0.3 eV above the silicon valence band. Lowtemperature rapid thermal annealing of the plasma oxides relieves localized compressive interfacial strain, apparently by allowing the completion of oxidation at the interface, and reduces the amount of dangling bondso However, this strain rdief simultaneously increases the average Si0 4 ring structure at the interface. A larger interfacial Si0 4 ring structure is also seen in rapid thermal oxides and has been attributed to the very rapid cooling which takes place at the end of the rapid thermal process. Post-growth thermal processing has been shown to reduce the average ring structure by relieving localized tensile interfacial stress, but this stress relief is accompanied by the appearance of a peak of interface states at about 0.8 eV above the valence band which is attributed to Si-O bonds broken during the anneal. Long furnace anneals of rapid thermal oxides remove these states and give interface state densities comparable to those of furnace oxides.
INTRODUCTION
As metal-oxide-semiconductor (MOS) devices become smaller, the microfabrication of these devices places more stringent demands on the control of materials and interface quality, A major stumbling block in submicrometer device fabrication is the oxide growth on silicon. High-temperature furnace processes can cause dopant diffusion and growth control problems which can become very serious as device dimensions drop into the b'lm region and gate oxide thicknesses approach 10 nrn. This has recently precipitated the study of several alternate methods of oxide growth; the most common of which are rapid thermal oxidation (R TO), I plasma anodization,2-4 and plasma enhanced chemica! vapor deposition (PECVD).5,6 While these processes avoid the problems associated with high-temperature furnace processing, either using low temperatures « 500 ·C) or very short growth times at high temperatures, and have yielded passable electrical characteristics, none has yet been able to replace furnace processes and gain widespread use, and structural effects of rapid thermal annealing on plasma and RTO oxides. These studies have allowed us to identify significant structural differences between these oxides and the structural causes of certain electrical characteristics of plasma and RTO oxides.
In order to better establish the basic differences between furnace oxides and oxides grown by plasma anodization and rapid thermal processing, we have used the methods of x-ray photoelectron spectroscopy (XPS) and standard metal-oxide-semiconductor (MOS) electrical characterization to analyze and compare the electrical characteristics and the suboxide and ring structures of plasma and R TO oxides to those offumace oxides. We have also examined the electrical a) IBM Manufacturing Sciences Fellow.
OXIDE GROWTH AND ELECTRICAL CHARACTERIZATION
Oxides of 15-40 urn were grown on 10.5 n em < 100) ptype silicon wafers using three different processes: (1) furnace oxidation: oxides grown at 850 and 1000·C in a dry O 2 + 4% HCI furnace process; (2) plasma oxidation: oxides grown in Ar/0 2 plasma at 475 ·C; and (3) rapid thermal oxidation (RTO): oxides grown in an oxygen ambient at 1050 and 1100 QC for 63 and 34 s, respectivelyo Plasma oxides were typically grown at 475 ·C with rf power densities of 1.0 W Icm 2 and chamber pressures of 40 mTorro The highest quality oxides were grown with bias current densities of 0.33 mA/cm 2 and argon:oxygen ratios of 1:1, as opposed to poorer quality oxides which were grown, for example, at bias current densities of 0.14 mAl cm 2 and argon:oxygen ratios of 4: 1. Typical growth rates were 7 A/min. During the rapid thermal oxidation, wafers were preheated to 775 ·C in oxygen, raised to the oxidation temperature within 3 s, and then cooled to 200·C in 1-3 min in nitrogen ambiento Some oxides were rapid thermal annealed (RTA) in argon and/or oxygen at 800--1100 °C for 20-60 s. Aluminum was then evaporated onto the oxidized surface while chrome and gold were evaporated onto the back surface, after the back oxide was removed by hydrofluoric acid dip, to make metal-oxidesemiconductor (MOS) capacitors for the electrical characterization by C-Vand 1-V techniques. A 30-min 400 "C postmetallization anneal in H2 was performed on all samples.
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High-frequency capacitances were measured at 1 MHz, and quasistatic capacitances were measured at ramp speeds of 5-20 m V Is. Interface state densities as a function of position in the band gap were calculated from these measurements using high-low C-V methods described in Nicollian and Brews. s After electrical characterization, the aluminum was removed from a piece of the wafer and the oxide etched down to ~ 3.5 nm in dilute hydrofluoric acid. Some samples were cleaved before metallization and pieces of both the processed and unprocessed oxides etched back and studied with XPS. Oxide thicknesses were measured with ellipsometry. Photoelectron spectra were taken at varying angles with an SSL-100-03 x-ray photoelectron spectrometer which uses mOflochromated AlKa x rays (1486.6 eV) typically focused to a 600-,um-diam beam. The photoelectrons are collected by a retarding lens, which collects from a 30° cone at all angies, and then focused onto a hemispherical mirror analyzer giving ~O.5-eV resolution. Charging effects were studied using an electron flood gun over a voltage range of 0-5 V.
XPS MEASUREMENTS
In recent years x-ray photoemission has been shown to be an effective tool for examining the structure of the Si-Si0 2 interface. Raider and FHtsch 9
• 1O first used XPS to study this system. They measured electron escape depths, the Si zp binding energy shifts near the interface, and spatially resolved suboxide layers found at the interface as a function of substrate orientation. Hollinger and Himpsell1,IZ made use of the high-energy resolution of monochromated synchrotron radiation to measure the relative amounts of the suboxide structures and to further quantify the crystallographic dependence. Grunthaner et al.
13
• 14 have used numerically enhanced XPS data to measure atomic densities at the SiSi0 2 interface to resolve the SiO" tetrahedral ring structures and bond angles hypothesized by Bell and Dean, 15 and, more recently, to spatially resolve the suboxide layers occurring at the Si-SiO z interface in order to measure interface roughness. 16 Our use ofXPS concentrates on the 8i0 4 tetrahedra! ring structures in the first 3.0 nm of the oxide as determined from Si 2P peak shift measurements and on the suboxide content of the interface region as determined from the Si 2P photoelectron peaks. Figure 1 shows a typical scan of the Si 2P region before and after the spin doublet is removed. The Si 2P doublet is removed by iteratively solving the difference equation given by the convolution oftwo delta functions placed 0.6 eV apart and with 2: 1 area ratios. Hfis the measured spectra and g is the spectra after removing the doublet, we have
where S 1/52 is the normalized ratio of the 8i 2p spin peaks and i -k gives the energy splitting of the peaks. The first subtraction then yields quantitative manner. We did attempt to compute and compare atomic density DA values as determined by Grunthaner et al., 13 but we were unable to draw any unambiguous conclusions from these calculations. Our XPS analysis is concentrated upon the binding energy shifts of the Si 2P peak of the interfacial oxide from the substrate peak position and on the ratios of the suboxide peak intensities to the substrate peak intensity. We will first consider the suboxide peak intensities. Previous work 9 ,12,13 has shown that the Si 1 + and Si2+ suboxides are contained in the first fraction of a nanometer of the oxide, while the Si3+ suboxide appears to be distributed over the first 3.0 nm of Si0 2 • If we assume a planar model for the suboxide region, that is, the tetrahedral rings are not severely puckered, we can compare the sF + and 8i
2 + suboxide intensities to that of the substrate and each other because the substrate and suboxide photoelectrons are very close in energy, giving similar energy-dependent scattering effects, and are scattered by the same amount of oxide because they lie in planes paranel to the interface, The planar model assumption is checked by making the suboxide measurements at different angles. When the angle of the beam is changed the geometry of the region from which photoelectrons are excited is also changed and if strong non planar dependencies existed, we would expect to see suboxide ratios which do not fonow the angular dependencies predicted by Eq, (2). We saw no unusual angular dependencies in the suboxide regions, Under these assumptions photoelectrons coming from the interface region see an intensity reduction given by Eq, (2a) and the photoelectrons coming from the silicon see an intensity reduction given by Eq, (2b)o9 
lint and lSi are the intensities one would see without scattering in the oxide or silicon, Aox and As; are the oxide and silicon mean scattering lengths, respectively, d ox is the oxide thickness, and e is the angle the collector makes with the norm to the surface. The ratio of the suboxide peak to the substrate peak, Eg, (2c), is independent of oxide thickness and ,.tox, therefore we can compare the amounts of these suboxides found in different samples without needing to know the exact thicknesses, electron-free path lengths, or atomic densities of the respective samples,
The oxide to substrate Si 2P peak shifts can be used as the basis for determining the average Si0 4 ring structure in the interfacial oxide region. This is possible since the Si-O bonding strengths are affected by changes in bonding lengths and angles and these parameters reflect the structure and size of the Si0 4 rings found i.n the oxide. 17 The chemical shifts of the Si zp peak can also be compared without precise knowledge of the oxide thickness and electron-free path because the Si zp shift is a function primarily of bonding strengths of the Si-O bonds found in the oxide, The Si 2P peak shift does weakly depend upon the thickness of the oxide when the thickness is less than 4.0 nm, 17 but we have avoided this problem by only using oxides with thicknesses of 3.5 nrn ± 0.3 nm as measured by ellipsometry, We also used only XPS data for which the ratios of the shifted to unshifted Si 2p peak areas are equal, further insuring that the oxides were of the same thickness and thus limiting the effect variation on the Si 2p peak shift to be less than 0.05 e V. 17 This approach also insures similar Si 2p peak shapes from sample to sample thereby giving more accurate peak fitting for comparisons, Nucho and Madhukar first calculated the electron charge transfer from the silicon to oxygen, and from this the Si 2P binding shifts, as a function of Si0 4 bonding angles, III Grunthaner et al. have used these calculations to determine bonding angles and the corresponding Si0 4 ring sizes by assuming that the bonding lengths stay constant. 13 They have reported that for an ideal planar six-membered SiO 4 ring structures the corresponding Si 2P peak shift is about 4,5 eV, while an ideal four-membered structure would cause a shift of about 4.0 eV, Larger membered ring structures are reported to have Si 2P peak shifts of more than 4.5 eV, Thus, an increasing Si 2p peak shift within these bounds represents an increasing average ring structure four-to six-membered rings.
The Si 2P peak shifts actually represent the average ring structure of the sample, but the first 3,0 nrn of the oxide contain the transition region from the four-membered rings of the silicon to the six-membered rings of the bulk oxide, 17 This 3.0 nm contains the strain created by the matching of the two different 8i0 4 tetrahedral ring structures. The Si zp peak shifts of our 3.S-nm films therefore ten us about the average ring structure in that transition region, Following previous work,17 we assume that the SiO z is stoichiometric and uniform outside this region and thus does not affect the XPS data from sample to sample. D sing Si 2P peak shifts to determine bonding angles is still not entirely trivial, however, due to additional peak shifts caused by interface charging, oxide charging, and silicon band bending. Interface states, fixed oxide charge, and holes left by photoelectrons all affect the electrostatic environment seen by the excited photoelectrons. These charges act to reduce the electron escape energy and, because the photoelectrons have a distribution which is a function of depth in the oxide, change the line shape widths of the Si 2P and O\s peakso Grunthaner and Grunthaner 17 used these peak width dependencies to monitor the charging effects by adjusting a flood gun voltage until they saw a minimum in the shifted Si 2P peak width. They caned this the "flat-band" condition since one expects the silicon to have fiat bands when there is no field across the oxide to widen the photoelectron peaks, When there is no field across the oxide overlayer, there should not be any additional peak shift or widening of the photoelectron distributions because the photoelectron's escape energy will not be altered by any additional electrostatic forces. When fields are present, created by charges or surface potentials, the photoelectron escape energies are altered, depending upon the photoelectron's energy and starting depth in the oxide, and the photoelectron peak position and shape is altered. We were unable to find a minimum width with our system so we precisely calculated the effects each type of charge has and then fit calculated peak shifts and widths to those found using the spectrometer. A detailed account of these calculations will be published elsewhere. 19 However, the important finding from this study was that charges of the magnitude typically found in the SiSi0 2 systems did not significantly affect the peak shifts and widths of our spectra. Further, we found that the reason we did not see a minimum in our peak widths, even though our model predicted one, was because our spectrometer has enough secondary and free electrons available to keep the oxide at an equilibrium point on the negative side of the predicted minimum. Since increasing the flood gun voltage pushes the peak width farther from this minimum, we made all of our measurements with zero flood gun voltage so as to minimize peak shift effects. We can put an upper limit on the amount of shift caused by charging in our system of 0.01-0.03 e V, and can therefore identify the cause of the remaining shift as structuraL Table I contains a compilation of our peak shift and suboxide/substrate ratio results. Note that the data given here are for the electrically characterized portions of the wafer which were stripped of the aluminum and then etched back. Although the post-metallization anneal was seen to reduce Qox and D. s ' we could not find any dicernable structural changes before and after the anneal with XPS. This is probably due to the small peak shifts caused by Si-H bonding as discussed below. The suboxide ratios given are those found at a takeoff angle of 20· with respect to the norm. The ratios were also measured and calculated at 70° in order to check consistency and the accuracy of the above assumptions regarding oxide uniformity in the planar modeL We found that the ratios were typically 10% higher for the 70· measurement. This is consistent with the fact that the Si 1+ and Si 2 + suboxides actually occur over the first 0.5 nrn of the oxide and not exactly at the interface. If we place the centroid of the suboxide region 0.25 nm away from the interface and calculate the ratios for 20" and 70", we find that the suboxide ratios will be 10%-12% larger at 70° depending upon the value of Aox used. We used A.o~ = 2.8 nm for our work.
RESULTS
9 This calculation agrees with our findings and supports the planar model assumption. The peak shifts shown were also measured at 20° from the norm. As stated above, the Si 2p shift decreases as thickness decreases so it is important to have the thicknesses consistent. Table II contains 
FURNACE OXIDES
The suboxide ratios in Table I show that the furnace grown oxides have the smallest amount of suboxides. The SiSi0 2 interface is wen formed with minimal amounts of oonstoichiometric Si0 2 • This interface integrity is also shown in the low fixed oxide charge, Qo,,, and interface state density, D"", for these oxides as measured by C-V techniques (see Table II ). Note that the higher temperature oxides show better electrical and structural quality as expected. Since further oxidation is presently the best oxide growth technology, the furnace oxides will be used as a standard by which the plasma and RTO oxides will be judged.
PLASMA OXIDES
As can be seen in Table I , plasma oxides have a large range of values for the Si 1 + suboxide ratio. Electrically poor plasma oxides, grown with low bias current densities of 0.14 mA/cm 2 and 4:1 argon:oxygen ratios have Si 1 + ratios as large as twice that of the furnace oxides, while the higher quality plasma oxides grown with bias current densities of 0.33 mAlcm 2 and 1:1 argon:oxygen ratios have ratios only slightly larger than the furnace oxides. The Si 1 + oxidation state of silicon can come from either of two chemical formations, as shown in Fig. 3 . The first, shown in Fig. 3 (a) , arises when a silicon atom is bonded to three other silicon atoms and one oxygen atom. The oxygen atom pulls the silicon electron away leaving the silicon in Si I +-oxidation state. We note that Si-H bonds may also be present at the interface, but the weak polarization of the Si-H bond does not leave the Nelson, Hallen. and Buhrman silicon in the Si I + state. 20 Since the Si 2p chemical shift caused by the Si-H is extremely small, making the differentiation of Si-H bonds from the Si-Si bonds very difficult with XPS, the effects ofSi-H bonds are not expected to be discernable with this method. However, we must note that the hydrogen annealing does not passivate an the interface states and, in particular, does not remove the peak of states caused by the Ph centers. We have normalized the effects of hydrogen by treating all wafers with the same hydrogen post-metallization anneal as described above. We prevented inclusion of the Si-H bonds in our 8i l + peaks by using the Si I +-peak shift measured by Hollinger and Himpsel 12 to insure that we were looking only at the Si I + oxidation state.
The second way a Si 1 + oxidation state can arise, shown in Fig. 3 (b) , is when a silicon atom is bonded to three other silicon atoms and the fourth electron remains unbonded. The orbital can give up its electron, thus creating the Si l + oxidation state, keep one electron, and remain in the Si o + oxidation state, or capture a second electron, thus completing the orbital, and form a Si 1 -state. These unbonded orbitals are also known as P b centers and have been studied extensively using electron-spin resonance (ESR) which exploits the electron-spin state differences between the three possible occupations ofthe orbitaL [21] [22] [23] [24] Fischetti 25 has found that such centers can also contribute to the oxide fixed charge if the P b center is created by the breaking of an Si-O bond. The broken oxygen bond can then become a slow positively charged state and the silicon atom a P b center.
The chemical configuration of the Si I + states is important because P b centers acting as interface states and fixed oxide charge can be seen and measured electrically. Figure 4 shows the interface state densities of plasma oxides grown under various bias currents and oxygen partial pressures as calculated from low-and high-frequency C-V curves. 25 The peaks at 0.3 eV above the valence band Ev are due to P b centers acting in a donorlike manner.
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In our previous publication on plasma oxides, we showed that the height of this peak was sensitive to bias current and the amount of oxygen in the plasma, We conduded that the interface states which make up the peaks were dangling silicon bonds at the interface, The photoelectron data in Table I support this conclusion as the samples with large interface state density peaks are also those with high Si 1+ suboxide ratios. This proportionality, previous electron-spin resonance studies,23,24 and the effects of oxidizing species fiux during plasma oxidation identify dangling silicon bonds as the source of theD ss peakatEv + 0.3 eV. Unfortunately, wecannotseparate the two chemical forms ofthe Si 1+ suboxide and directly determine a dangling bond density from the photoelectron spectra, but we can see that the defects which cause interface state density peaks are proportional to the Si j +-suboxide photoelectron signal. Ifwe do an approximate calculation of the number ofSP + silicon atoms from the 8i 1 + ratio, we find that there are about 10 13 _10 14 Sil+ silicon atoms/cm 2 and about 10 12 interface states in the peak at Eo + 0.3 eV. This means that theP b centers can typically make up 1 %-10% of the St H peak, If the percentage of P b centers which actually act as interface states varies, the make up of the Si I + peak will vary. Thus, we can see correlated changes, but we can- not make a direct determination between the Si I + peak and the Ph center interface density.
The Si2+ suboxide ratio does not show any significant or consistent changes from one plasma oxide to another. The sIze of this suboxide ratio should tell us something about the percentage of the silicon surface which is oxidized in the proper Si2+-reconstruction for (100) silicon or about the interface smoothness. Grunthaner, Hecht, and Grunthaner l6 have reported derivations of the smoothness of the silicon from the suboxide peak intensities, but their findings did not agree with those of Hahn and Henzler 27 and Krivanek et al. 28 We could not find the resolution to distinguish any significant trends with regards to this peak.
Structural similarity between plasma and furnace oxides is shown by the Si 2p peak shifts. As shown in Table I , plasma oxides have Si 2P peak shifts very comparable to those of the furnace oxides. Some plasma oxides have slightly larger shifts, but these shifts are typically within the possible shifts due to charging effects. This would indicate that the Si0 4 ring structure at the interface of the plasma oxides is, at least on average, similar to that of the furnace oxides. However, the interfaces are not all of the same quality, as shown by the suboxide ratios and electrical measurements discussed above.
The structural differences of the Si-Si0 2 interfaces of plasma and furnace oxides were revealed more deady when we studied the effects of rapid thermal annealing (R T A) in argon on t.he plasma oxides. As displayed in Fig. 5 and Table  III , both the photoelectron spectroscopy and electrical analysis revealed significant changes in the oxide after the RTA.
The electrical analysis showed an 85% reduction in the interface state density peak and a 47% reduction in Qux after a 60-s 850 cC anneal in argon. The photoelectron spectroscopy showed a 20% reduction in the Si 1 +-suboxide ratio and a :; % increase in the Si 2P peak shift. Although the x-ray photoelectron spectroscopy does not allow one-to-one correlations with the electronic measurements, the correlated reduction in the D,s peak and Qox with the reduction in the Si I I-suboxide ratio points to a reduction in the number of dangling Si bonds, Pi> centers, at the interfaceo The i.ncrease in the Si 2P peak shift indicates an increase in the average bonding angie of the Si0 4 tetrahedra as described above. Thus, we propose that the RTA relieves localized interface strain created during the low-temperature (500 'C) plasma oxidation. The silicon atoms at the interface are strongly bonded to oxygens and form tight ring structures trying to match the silicon crystal structure. However, since the silicon crystal has fourmembered rings and the bulk SiO: prefers six-membered rings,17 localized compressive strain builds up rapidly and eventually a silicon atom is left either unbonded or weakly bonded 0 This unbonded silicon is the P b center described above. The low process temperature does not allow a distributed relief of this strain as is the case in the higher temperature furnace processeso When the R T A is performed enough thermal energy is added to the system to anow the ring structure at the interface to reorganize so as to reduce the strain and further complete the oxidation of the unbonded silicons. Apparently the plasma process leaves sufficient excess interstitial oxygen to permit. this further oxidation. The result is a reduction in the number of Ph centers but an overall increase in the average ring st.ructure at the interface because all the 5032 bonds must be stretched to allow the unbonded silicons into the network. Individual bond lengths are increased and distorted but the overall energy of the system is reduced as the localized strain is relieved. We have also found that RTAs done at temperatures above the viscous flow point of the Si0 2 , about 950°C, actually degrade the oxideo Oxides annealed at these temperatures show Schottky-like J-V's and thus have no dielectric quality. We believe that in these cases the stress relief actually opens pores through the oxide when the oxide flows duri.ng the R T A. XPS analysis of these films shows even larger Si 20 peak shifts indicating large Si0 4 ring structures at the interface. We also used XPS to look for aluminum in the oxides after such treatments to see whether the aluminum actually flows through the oxide during the post-metallization anneal, but have not found thi.s to be the case. The pores are evidently highly conductive, but not large enough to be diffusive.
RAPID THERMAL OXIDES (RTO)
Table I and Figo 6 show that RTO oxides also have suboxide ratios and interface state densities which are slightly but significantly higher than those of furnace oxideso The Si 2p peak shift is also 5%-10% larger than that offurnace and plasma oxides. The higher suboxide ratios again show incomplete oxidation at the interface. However, here the cause is not temperature or oxidant concentration but the speed of the overall oxidation process. Although the actual growth rates for rapid thermal processes are the same as furnace processes of the same temperature, the cool down times are very different. In a typical 1000'C furnace oxidation process the wafer is cooled from oxidation temperature to 300-400 ·C in about 15-20 min. 29 In the R TO process this same cool down took place in 1-3 min. The RTO process thus lacked the annealing affect of the 15-20 min cool down of the furnace process. Johnson, Bartelink, and McVitte have shown how important the annealing of furnace oxides is to the reduction of the Ph centers and interface state densities.
2 ! We have found even more dramatic effects in the case of R TO oxides. Table IV shows the electrical and structural characteristics of R TO oxides treated with various post-oxidation anneals. Post-oxidation processing reveals several differences between RTO oxides and furnace/plasma oxides. The first difference is the Si0 4 ring structure. RTO oxides typically have Si 2p shifts of 4.50 eV as compared to 4.40 eV for furnace oxides. Furthermore, when these RTO oxides are RTA'd in argon we see a decrease in the peak shift to about 4.40 e V-a shift which is the opposite of that seen in plasma oxides. Whereas plasma oxides have compressive localized stress caused by a lack of thermal energy during oxide growth, R TO oxides have tensile localized stress frozen in by too rapid a cool down from very high thermal energies. Since the growth temperatures of the R TO processes are above the viscous flow temperature of the Si0 2 , there is effectively a layer of viscous Si0 2 on the silicon wafer at the end of the growth period. When a very rapid cool down occurs, the sixmembered ring structure of the bulk Si0 2 is apparently frozen in more closely to the silicon interface. Therefore, we see larger average ring structures in the interface region. When more thermal energy is added during the R T A the local stress formed by the conjunction of the four-membered rings in the silicon crystal and the six-membered rings of the bulk region and the XPS analysis shows a decrease in the average ring structure of the interface region.
The second difference in R TO structure is manifested in theD. s curves of the RTA'd RTOoxides. Although the Si0 4 ring structure is improved by the rapid anneals, the oxide charge and interface state densities are not. In addition to an increase in Qoz and Dss across the band gap following RTAs, we also see the appearance or enhancement of a second D.s peak at about Ev + 0.8 eV (see Fig. 7 ). This peak, like the peak at Ev + 0.3 eV, has been studied and identified in radiation damage and electron-spin resonance experi~ ments. 21 ,22,24 It is attributed to dangling oxygen bonds in the bulk Si0 2 • The increase in Qox and this peak after an R T A of the RTO oxides is indicative ofSi-O bonds being broken and frozen in during the anneal. Some of the broken bonds show up as fixed positive charge as described by Fischetti,25 and some can act as interface states in the upper half of the band gap. We suggest that the bonds are broken in the region of . ~I. transition from the silicon to the bulk Si0 2 • When we performed a rapid post-oxidation anneal at 775 ·C in oxygen for 60 s, we saw a dramatic increase in both Qox and the O.8-eV peak because more oxygen was added to the oxide but it was not stoichiometrically bonded throughout the film. When an additional anneal of this film was done in argon we saw a reduction of Qox and in D", across the entire band gap, and the elimination of the 0.8-eV peak, as shown in Fig. 8 . The addition of more oxygen to the film allows a better completion of the interface after the reduction ofinterface stress in a post-oxidation RTA. Since the D,s peak at 0.8 eV is caused by dangling oxygen bonds in the bulk oxide, this peak is enhanced during interface stress relief, when bonds are broken, and during the inclusion of nonstoichiometric oxygen in the oxide. In the latter case, a further anneal allow the bonds broken by stress reliefto be oxidized more completely resulting in significantly improved D,s and Qox' We note that Nulman and Krusius found that rapid thermal annealing of RTO oxides in N2 and rapid thermal nitridation in ammonia improved some oxide characteristics.3° Similar work combined with Auger studies have veri~ tied that this annealing includes a nitridation component which takes place within the first 3.0 nm of the oxide.
3 ! The nitridation probably forms oxynitrides with the broken bonds in the strain region. We are presently studying the effects of post-growth rapid thermal processing, including nitridation, on the structure, interface state densities, and other electrical properties of R TO oxides.
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Finally, we performed a nitrogen furnace anneal of R TO oxides to see if a very slow cool down would anow the interface to form correctly. As seen in Table IV and Fig. 9 , these films have characteristics better than aU the other RTO oxides and approaching those offurnace oxides. This verifies the detrimental effects of the rapid cooling characteristic of RTO processing. Although such long time high~tempera ture anneals remove the original advantages of rapid thermal processing, this result and the discussion above point the way towards further refinement of the rapid thermal pro~ cess, by modifying the cool down sequence for example, so that it can more closely approximate the results of furnace processing, 
CONCLUSION
We have studied the electrical and structural properties of oxides grown on silicon by furnace oxidation, plasma oxidation, and rapid thermal oxidation. As expected we find that the furnace oxides have the lowest Dss and QaK values as well as smaller amounts of suboxides near the interface as identified by XPS studies. In plasma oxides we have identi~ fied a large peak of interface states at Ev + 0.3 eV to be due to dangling silicon bonds at the interface. We have found that an increase in oxidizing species flux to the interface during plasma oxidation reduces the number of dangling s~licon bonds without changing the Si0 4 ring structure at the mterface. We have also found that short rapid thermal anneals relieve localized compressive stress in the oxide left by the low-temperature process. This stress relief allows the further completion of interface oxidation, thereby reducing the number of dangling bonds. This stress relief is accompanied by a slight increase in the average ring structure of the inter~ face region as the Si0 2 network relaxes.
RTO oxides do not show as large a D .. peak at Ev + 0.3 eV but do show a significantly different interface structure in the form of a larger SiO 4 ring structure and aD ss peak at Ev + 0.8 eV in some cases. The larger average ring structure of the interfacial region is frozen into the R TO oxides by the rapid cool down which takes place at the end of the oxidation process. Rapid thermal annealing of the R TO oxides relieves this localized tensile stress thereby reducing the ring structure and compacting the oxide. However, the stress is relieved at the expense of broken Si-O bonds which can show up as increases in Qox and the 0.8-eV D.s peak. Post-oxidation processing, the most successful being a long furnace anneal, has been shown to alleviate these problems. Both plasma oxidation and rapid thermal oxidation are promising processes for submicrometer MOS technology. However, each process yields oxides with a particular structural difference in the critical interfacial region when compared to high quality furnace oxides. The identification and understanding of these differences is the critical first step in the further optimization of these alternate MOS oxidation processes.
